Abstract-Cryo-electron microscopy (cryo-EM) is an important biophysical technique that produces three dimensional (3D) density maps at different resolutions.
I. INTRODUCTION
Cryo-electron microscopy (cryo-EM) produces three dimensional (3D) electron density maps of large protein complexes with a wide range of resolutions, from about 3 A to more than 80 A. As of September 2015, more than 3200 cryo EM images have been deposited in the Electron Microscopy Data Bank (EMDB), and more than 890 atomic models have been derived from these density maps (http://emdatabank.org/index.html). The atomic models are linked to the Protein Data Bank (PDB). Some of the models are derived from cryo-EM density maps at about 3 A resolution, and others are derived from mediwn resolutions (about 4-8 A).
The models are more likely to be correct for cryo-EM images with high resolutions, since more structural details are visible. The backbone of a protein structure is less resolved at medium resolutions, and deriving atomic structures is challenging. The current atomic models derived from cryo-EM images at medium resolutions are based on the fitting principle. This approach uses an atomic structure as a template to fit in the cryo-EM image. Rigid-body fitting and flexible fitting methods have been developed [2] [3] [4] . The de novo modeling approach does not rely on a known atomic structure [5] [6] [7] [8] . This approach offers a complementary approach when no suitable templates are found in the PDB. However, in spite of active development of the de novo approach [5, 6, 9] , no mature tool for deriving 978-1-4673-6799-8/15/$31.00 ©2015 IEEE 1253 atomic models for medium-resolution density maps is available.
The resolution of a density map is often used as a measurement of quality. However, resolution is a global measurement, and it is common to see local variations in quality for maps with similar resolutions and in different regions of the same density image ( Figure 1 ). For example, in Figure 1 , the upper helix has a strong cylinder characteristic, while the density of the lower helix does not resemble a cylinder in the same density map at the same density threshold. A similar problem may occur in a �-sheet, a turn or a loop. As more and more models are being deposited in the database, there is a need to develop a quantitative method for analyzing the fit locally at different regions. Secondary structures such as helices and �-sheets are the most obvious structural components in medium-resolution images. Ideally, a secondary structure in an atomic model should appear as the corresponding secondary structure in the density image. The density features of a helix and a �-sheet have been well studied. In general, helices begin to become visible in cryo-EM maps at a resolution of about loA, and long helices can be detected reliably at resolutions of 8 A or better [10, 11] . �-sheets begin to be visible at a resolution of about 8
A [10] [11] [12] [13] [14] [15] . Various computational methods have been developed to detect helices and �-sheets, including SSEhunter, SSELearner, SSETracer and Vo/Trac [10, 11, 16] . The assignment of secondary structure content relies on the detection of the cylindrical characteristic of a helix and the detection of the thin layer of density for a �-sheet. The success of these methods suggests that the density features of the secondary structures are visible in the image. Using SSELearner, about 75% of the helices can be detected in cryo EM density maps at medium resolutions [11] . SSETracer has similar sensitivity as SSELearner [1] . In addition to helices, the location of p-strands can be predicted from a p-sheet density image [17, 18] .
The current status of secondary structure detection is that major secondary structures such as long helices and large pcharacteristic of a helix. We compare the helix axis of an atomic model with that derived from the image. We show that the quantitative measurement of helix axes is a simple method for screening atomic models. This method can be used to identify models that fit well at the helix regions and models that are potentially challenging. Such collected challenging cases may provide insights for developing better methods for detecting secondary structures. sheets can be detected in density maps at medium resolutions. The detection of smaller secondary structures is still challenging. The small secondary structures are easy to confuse among a short helix, a turn or a small two-stranded p-sheet. In order to improve the detection methods, a dataset of challenging cases on which current detection methods fail should be collected.
Validating a model is challenging, and various metrics may be utilized. Current atomic models derived from medium resolution cryo-EM maps are obtained from fitting. Fitting an atomic model in a density map utilizes the entire density image. Although it is expected that a density image at medium resolution contains errors, it is not clear which features in the image are the most reliable. One may need to be careful using fine details of density variation in model validation. The work in this paper aimed at developing local measurement, the first step toward a more in-depth study of locally reliable features.
Since helices are the most visible density features in such density maps, in this paper, we investigate the possibility of quantifying models at helix regions using the cylindrical
The detection of helices in cryo-EM density maps
In a medium-resolution image, a helix appears as a cylinder. We applied SSETracer [1] and enhanced the helix extension to detect the location of helices in a density map. SSETracer detects helices based on characterization of local density features. The local structure tensor, local thickness, continuity of the skeleton and density value are measured in SSETracer. The previous version of SSETracer was enhanced in the extension step. The newer version appears to detect longer helices than the previous version. A detected helix is represented by its central ax is that is defined by a set of points.
B. Representation of a helix in an atomic model
A helix in an atomic model is reduced to the axial line of the helix in order to compare it with that in the image. Given the backbone position of a helix, the axis can be simply calculated by averaging the geometric positions of four consecutive Ca atoms on the helix. For a helix of length N, N-3 geometric centers are calculated. The resulting line contains a set of points that approximate the axis of the helix.
C. Distance between two axes of a helix
Given two axes of the helix, one detected in the image and one calculated from the atomic model, the distance between them is calculated. Each axis is represented as a set of points along the line. Note that the line is often not straight, particularly for long helices. In addition, note that the number of points on the two lines is often not the same. Let S be the axis of a helix detected in a density map, and let S' be the axis of the helix derived from the model. The two closest points on the axis form a line segment, and therefore, an axis can be thought of having a set of line segments. The distance between two sets of points was estimated as in (1) . For each point i, i = 1, ... , N on S, we calculate Dr S' that is the projection distance from i to the closest line segment of S'. If the projection of i was outside the line segment, the distance between i and the closest end point of the line segment was used as the projection distance. Similarly, D/ ,s was calculated as the distance from each point
The distance as calculated in (1) is a two-way distance. One way represents the distance from one line to the other, and the other represents the reverse. The larger the distance, the larger the misalignment between the two lines. Note that D reflects a mixture of the lateral distance and the end-to-end distance between the two axes. 
D. Detection of helix axes using VolTrac
VolTrac is a computational method for the detection of helices and filaments in a density map. This method combines a template-based search with a genetic algorithm to detect the initial positions of a helix. A bidirectional extension was used to define the axis of a helix [16, 21] . VolTrac uses a completely different search procedure from SSETracer, and therefore it offers an independent detection. VolTrac is embedded in Sculptor, a graphical interface for operations using atomic models and cryo-EM density maps.
III. RESULTS

A.
The datasets
Two datasets were used to compare the helices detected in the image with those derived from the corresponding atomic model. The first dataset contained nine proteins for which the atomic structures were downloaded from the PDB, and the corresponding 3D density maps were simulated using Chimera to 10 A resolution [19] . The nine proteins of the simulated dataset included 92 helices. The second dataset contained four chains of proteins, for which the cryo-EM density maps were downloaded from the EMDB [20] . The cryo-EM dataset included 19 helices of four proteins. The cryo-EM density maps and their corresponding structures were EMD-1237-2GSY_A (7.2 A), EMD-1733-3C91_H (6.8 A), EMD-1780-3IZ5_J (5.5 A) and EMD-5030-3FIN_R (6.4 A). Three of the four cryo-EM density maps were aligned with their corresponding structures at download. For EMD-1237, manual alignment was performed first, and then the Fit-in-Map function of Chimera was used to optimize the fitting locally. The density maps of individual chains were extracted from the original density map of mUltiple chains using a mask of the chain derived from the PDB structure. SSETracer was applied to obtain the position of the Figure 3 . Comparison of helix axes for a simulated image. The PDB structure lUNF was used to generate a density image using Chimera. The axis (yellow line) calculated from the atomic model and the axis (purple line) detected from the image using SSETracer are superimposed with the atomic model (ribbon) and the image (gray).
helices from all the density maps in both datasets [1] . The distance between the two axial lines was calculated. aEM DB ID, the chain ID in the PDB file, the helix ID and the first and last amino acid indices for the helix.
bThe two-way distance between the axis of a detected helix and the corresponding axis in the atomic structure.
N/A means no detection in the cryo-EM image. Figure 2 shows the axial lines derived from the helices in the atomic model and the lines from the image. In this case, the axes detected using SSE Tracer show various levels of agreement with those calculated from the model. The best aligned cases are the fIrst two helices, for which the two-way distances are only 1.06 A and 0.92 A, respectively (Table 1 rows 16-17). SSETracer detects helices based on the cylinder characteristic, skeleton, local thickness and density value. If a detected axis aligns well with that of a model helix, then the image of the model helix probably has good helix characteristics. Well-aligned axes provide more confIdence in the model. The axis detected in image EMD-5030 does not align well with the axis calculated using the fourth helix of 3FIN chain R (Figure 2, row 4) . The distance between the two axes is 3.96 A for this case (Table 1 , row 19). Close examination of this case shows that the density is more discontinuous at the high-density regions. Although there is a lateral distance between the two lines suggesting lateral misalignment, the main distance comes from the positioning of the helix. The model includes a helix-like region that appears to be similar to a helix in the image. Note that good alignment 1256 between the two axes provides confIdence in the model. However, bad alignment does not mean the model is wrong. Disagreement identifIes a problem between the model and the image.
B. Tests using cryo-EM data
Of the 19 helices tested in the cryo-EM dataset, 14 had an axial distance of less than 2.5 A, and only one helix (5030_R_72-81) had an axial distance of more than 2.5 A. Four helices with 4, 5, 6 and 11 amino acids, respectively, were not detected by SSETracer. Helices shorter than two turns are often challenging to detect, but image quality is also an important factor. The longest helix in the dataset was 5030_R_57 _38-57, which was 20 amino acids long (Figure 2) . The helix had a small axial distance of 0.92 A. cDistance value calculation based on a combination of this helix and an adjacent helix.
C. Tests using simulated density maps
The helix axes were compared using a larger simulated dataset. Nine protein structures were downloaded from the PDB and were used to simulate density maps at 10 A resolution using Chimera. Because such simulated density maps represent noise free density maps, they have much better quality than the cryo EM density maps produced from the experiments. We simulated the density maps at lower resolution than the cryo EM density maps in the first dataset in order to lower the quality to some extent. SSETracer detected 74 of the 94 helices with a less than 2 A two-way distance. Thirty-five helices were detected within a 1 A two-way distance from their model axes.
Thirty-four of the accurately detected axes were 12 amino acids long or longer. For the helix with 17 amino acids ( Figure 3 , upper left panel), the two axes appear to align very well. In this case, the two-way distance is only 0.67 A. The results suggest that the axes detected in simulated density maps are accurate for long helices. Short helices remain challenging; 14 of the 94 helices were not detected.
Only four of the 94 helices had an axial distance longer than 2.0 A. One case is shown in row 3 of Figure 3 . The PDB structure has two helices (lUNF 36-44 and 46-59) that are in a similar direction but split by one amino acid. Since the two helices are in the same direction, they appear as one long helix instead of two shorter helices. Such split cases show large two way distances, 2.98 A in this case ( Table 2 , row 19). Another case with a large two-way distance is shown for lUNF HLX 10 and 11 ( Figure 3 , middle right panel). Two helices with four and six amino acids, respectively, are consecutive in sequence but have slightly different directions. As the image does not resolve such situations clearly, it shows a connected short helix. Even after we generated an axis using the two shorter consecutive helices, the two axes (purple and yellow) had a large misalignment. In this case, the two-way distance is 2.48 A.
D. Helix axes detected using two alternative methods
We applied VolTrac to four cryo-EM density maps. The axes detected by VolTrac were mostly similar to those detected by SSETracer, particularly for long helices. As an example, for EMD-1733, the two sets of axes (red and green lines in Figure   4 ) aligned well for all five helices. Both tools detected similar helix axes, which suggest that the density features of the helices are strong in this map. Three of the four helices in EMD-5030-PDB-3FIN_R (Figure 4 A and B) align well, although the length of H2 differs. The two methods do not agree well on helix H4. In fact, this helix was ranked the fifth highest by ValTrac, suggesting that the density at this region is not as characteristic of a cylinder as that of the other three helices. Also, the H4 axis detected by SSETracer does not align well with that of the atomic structure. The disagreement between two methods suggests that the cryo-EM density in that region needs to be studied further.
A helices. One disadvantage of ValTrac is the run-time needed to perform an exhaustive template-based search using a genetic algorithm. SSETracer is much faster in finding initial candidate locations of helices since the search is template-free. This could be combined with the bidirectional expansion of ValTrac that provides smother and longer helix axes (Fig. 4 B) compared to SSETracer.
IV. SUMMARY
As more and more atomic models are being produced from D Figure 4 . Axes of helices detected from the cryo-EM image using SSETracer and ValTrac. Helix axes detected from cryo EM density map EMD-5030 in (A) and (B) and EMD-1733 in (C) and (D) using SSETracer [1] (red) and ValTrac (green) are superimposed with the image (gray) and the corresponding atomic model PDB-3FIN_R in (A) and PDB-3C91_H in (C) (ribbon). The label of helices in (B) correspond to those in Fig. 2 .
In a preliminary sensitivity / specificity analysis, we found that ValTrac is more sensitive but less specific than SSETracer. The observed sensitivity of ValTrac was 91.5%, but only 64.4% for SSETracer in the case of EMD-5030. The specificity of SSETracer was 94.8%, but 84.5% for ValTrac in this case. The specificity was computed by counting the nwnber of Co. atoms in the structure that were correctly detected. A correctly detected Co. atom is one that has a point on the detected axis line within 2.75 A distance. Although a more systematic analysis will be carried out in the future, the current four cases suggest that ValTrac is more sensitive and SSETracer is more specific.
Each method has advantages and disadvantages, and the methods could be combined for more accurate detection of 1258 cryo-EM density maps, validation of the models is becoming important. The models are generally expected to be energetically stable and to agree well with the corresponding cryo-EM density maps. Correlation is widely used for fitting of atomic models. However, it is not easy to consider local properties in such a global measure. In addition, until a systematic analysis is performed, it is not clear which regions in a medium-resolution image are most reliable. Since helices are the dominant secondary structure feature, we investigated the possibility of using helices as a landmark to evaluate the quality of an atomic interpretation in the helix region. Although it has long been established that helices are detectable in density maps with better than 10 A resolution, it has not been clear if the detected helix axes are accurate enough to quantify the local difference between an atomic model and its image. For noise free density maps, our test of 94 helices showed that 74 helices were detected to within 2 A accuracy. Helices longer than 12 amino acids are more suitable for the assessment of cryo-EM images and atomic models. More accurate handling of the ends of an axis will be the focus of future work. Combining advantages of multiple methods, such as SSETracer and ValTrac, may also enhance the detection accuracy.
